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Transmembrane proton gradientThe multilamellar organization of freshly isolated spinach and pea chloroplast thylakoid membranes was
studied using small-angle neutron scattering. A broad peak at ~0.02 Å−1 is ascribed to diffraction from
domains of ordered, unappressed stroma lamellae, revealing a repeat distance of 294 Å±7 Å in spinach
and 345 Å±11 Å in pea. The peak position and hence the repeat distance of stroma lamellae is strongly
dependent on the osmolarity and the ionic strength of the suspension medium, as demonstrated by varying
the sorbitol and the Mg++-concentration in the sample. For pea thylakoid membranes, we show that the
repeat distance decreases when illuminating the sample with white light, in accordance with our earlier
results on spinach, also regarding the observation that addition of an uncoupler prohibits the light-induced
structural changes, a strong indication that these changes are driven by the transmembrane proton gradient.
We show that the magnitude of the shrinkage is strongly dependent on light intensity and that the repeat
distance characteristic of the dark state after illumination is different from the initial dark state. Prolonged
strong illumination leads to irreversible changes and swelling as reﬂected in increased repeat distances.
The observed reorganizations are discussed within the frames of the current structural models of the gra-
num-stroma thylakoid membrane assembly and the regulatory mechanisms in response to variations in
the environmental conditions in vivo. This article is part of a Special Issue entitled: Photosynthesis Research
for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
In higher plants, the photosynthetic pigment–protein complexes
are embedded in the thylakoid membranes, which are located in the
chloroplast, and are surrounded by an aqueous matrix, the stroma.
Electron microscopy has long since revealed that the thylakoid mem-
brane is organized into an intricate structure differentiated into close-
ly appressed (stacked) ﬂattened vesicles, the granum thylakoids, and
the non-appressed stroma lamellae interconnecting the grana [1–3].
In a scattering context, the stroma lamellae can be viewed as a loose
regular stack of lamellae. The thylakoid membrane system is formedS, phenazine methosulphate;
all-Angle Neutron Scattering;
ynthesis Research for Sustain-
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l rights reserved.from one continuous membrane, which encloses a contiguous single
interior aqueous phase, the thylakoid lumen. Although our under-
standing of the self-assembly and some details of the membrane ul-
trastructure remain to be clariﬁed, electron tomography data
unequivocally reveal that not only the grana but also the stroma thy-
lakoids are constituted of lamellar sheets [4–9] (and not narrow brid-
ges between grana, as is erroneously depicted in some textbooks cf.
[2]).
In accordance with the presence of the two morphologically dis-
tinct regions in the thylakoid membranes, the main protein com-
plexes are laterally segregated: the ATP synthase and photosystem I
(PSI), both having bulky stroma-exposed parts, are found in the
non-appressed regions, i.e. in the stroma lamellae and the end mem-
branes of the grana, while photosystem II (PSII) with light harvesting
complex II (LHCII), which have limited protrusions to the stromal
side, are predominantly situated in the appressed membranes of the
grana [10,11] and the cytochrome b6/f complex is distributed more
or less evenly between the two regions. This membrane architecture
is optimized such that the tight stacking of grana membranes with a
large area to volume ratio increases the efﬁciency of light capturing
1221D. Posselt et al. / Biochimica et Biophysica Acta 1817 (2012) 1220–1228and warrants an overall high packing density of the membranes [2].
The segregation is also believed to play an important role in the
ability of plants to adjust to environmental changes inﬂuencing the
photosynthetic activity, e.g. changes in the illumination level requir-
ing photosynthetic regulation with redistribution of light energy be-
tween the two laterally separated photosystems [11]. The thylakoid
ultrastructure is both very stable and exhibits a high degree of ﬂexi-
bility in response to dynamically changing environmental conditions,
as also evidenced by the results presented in this work.
Chloroplasts of higher plants are biconvex in shape with a length
of a few micrometers. From electron microscopy it is known that
the thylakoid membrane folded up inside the chloroplast typically
has 40–60 cylindrical grana, each consisting of typically ~5–20
ﬂattened vesicles (thylakoids) with diameters of ~3000–6000 Å
[1,2,11]. The repeat distance, Dgrana, (Fig. 1) between units in the
grana stack (i.e. the height of a granum thylakoid plus the height of
the interthylakoidal space across to the next granum vesicle) varies
between 144 and 243 Å as cited from 17 different electron microsco-
py works on different plants in [11], with distances between 160 and
210 Å being most common. Recently, using cryoelectron tomography,
the value of Dgrana was found to be 157 Å in isolated intact spinach
chloroplasts [8]. The repeat distance between the non-appressed
stroma lamellae, Dstroma, (Fig. 1) is considerably larger, typically by
a factor of 2–3.3 [12,13]. Distances within the grana unit cell estimat-
ed from cryoelectron tomography are a lumen width of 45 Å and an
interthylakoid distance of ~32 Å [8]. Allowing for a membrane thick-
ness of ~40 Å, gives a total Dgrana of 157 Å (each repeating unit cell
contains two bilayers), while data from small-angle X-ray scattering
allow for a somewhat larger lumen width and thus a larger repeat
distance [14–16]. In our analysis of neutron scattering data, we view
the thylakoid membrane system as two diffracting systems (grana
thylakoids resp. stroma lamellae) each with order in one dimension,
an idea which holds independently of the exact three dimensional
organization of the membranes.
The characteristic length scales of the thylakoid membrane are
in the range of 101–103 Å and thus small-angle scattering tech-
niques [17,18] are well suited to study the ultrastructure of this
multilamellar membrane system. In comparison with electronFig. 1. Schematic drawing of the topology of the membrane system. The repeat distances of
The thick green and blue lines represent the lipid bilayer membranes of the stroma lamellae
and the stroma lamellae, ensuring the continuity of the internal lumenal space. The stroma
arrangement of the stroma lamellae around the granum.microscopy, small-angle scattering of either neutrons or X-rays has
the advantage that there is no need for any staining or ﬁxation of
the system under investigation, i.e. the dynamic response of the sys-
tem can be explored. Complementary to electron microscopy, which
delivers direct information about the local structure, data from
small-angle scattering are averaged over a macroscopic sample vol-
ume; however, the information is given in reciprocal space and
interpretation requires implementation of modeling of various de-
grees of sophistication.
Early small-angle X-ray scattering (SAXS) works on chloroplasts
used samples which were stained with OsO4 [19] or dried in various
ways [20,21]. In addition, conclusions based on studies carried out
before the Singer–Nicholson model of the bilayer membrane [22]
was generally accepted, are to various extents misleading due to
membrane models basically constructed as stacked layers of lipids,
proteins and chlorophylls. SAXS investigations of spinach chloroplasts
in suspension under physiological conditions and aligned in a mag-
netic ﬁeld [23] demonstrated that magnesium plays a role in the
stacking interaction between membranes in a grana stack. SAXS
data of osmotically dehydrated spinach thylakoids were analyzed
using a ﬁnite paracrystalline lattice model and repeat distances
between 145 and 230 Å depending on osmotic pressure and salt
concentration were found. All SAXS work cited above ignores the
presence of stroma membranes in the thylakoids and interprets re-
sults exclusively in terms of the periodicity of the stacked granum
thylakoid membranes. We have previously investigated spinach thy-
lakoids in suspension using SAXS and analyzing the data using a
Gaussian one-dimensional model of the electron density distribution
including both grana and stromamembranes [14] and have simulated
the scattering proﬁle [15]. In both cases the results showed the neces-
sity of including stroma membranes in the data analysis.
While electron density differences are giving the contrast in SAXS,
the contrast in small-angle neutron scattering (SANS) is provided by
the different scattering length densities of the membrane compo-
nents. These scattering length densities are determined by the
scattering lengths of the component atoms, which vary in a random
fashion throughout the periodic table and also between different
isotopes of the same element. SANS gives the unique possibility ofthe grana stack, Dgrana, and for the stroma lamellae, Dstroma, are indicated in the ﬁgure.
and grana thylakoids, respectively. The red dots indicate the fusions between the grana
lamellae are tilted with respect to the grana membranes, in accordance with the helical
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most straightforward way by simply mixing H2O and D2O in the
suspending medium. Sadler and Worcester [24] studied oriented thy-
lakoid membranes isolated from algae and spinach with SANS. Orien-
tation was done either by controlled evaporation (algae) or by
magnetic orientation of the membranes in aqueous suspensions
(spinach). The 3D organization of the thylakoid membranes is differ-
ent for algae and spinach, particularly at the relevant length scales
studied here, i.e. the characteristic small-angle scattering is different
for the two kinds of sample [25]. For spinach chloroplasts in suspen-
sion and aligned in a magnetic ﬁeld, a peak of scattered intensity cor-
responding to a Bragg distance of ~250 Å was observed [24]. This
repeat distance was interpreted to originate from grana. The peak
was best resolved with the chloroplasts suspended in pure D2O,
while the contrast was minimal in 30% (v/v) D2O in H2O.
The SAXS/SANS results for the structure of thylakoid membranes
are very dependent on the source of the thylakoid membrane studied,
the detailed sample preparation and the composition of the suspen-
sion medium. The observed proﬁles also depend on a possible orien-
tation procedure, which can be used to enhance the characteristic
features of the scattering. In this work, we show that, in contrast to
previous interpretations, the main SANS peak from freshly isolated,
magnetically aligned spinach and pea thylakoid membranes under
physiological conditions, arises from the regular arrangement of
the stroma lamellae. In addition, we demonstrate how SANS reﬂects
reorganizations in the ultrastructure when the system is subjected
to physico-chemical changes in the environment, such as variations
in the osmolarity or the ionic strength of the suspension medium.
These variations in Dstroma can be rationalized by taking into account
the macroorganization of the complexes in the granum-stroma thyla-
koid membrane assembly with its intricately organized continuum
membrane system. We also show how SANS can be used for studying
the light-induced reorganizations in the membrane ultrastructure,
structural changes which appear to be of fundamental importance
during photosynthesis.
2. Materials and methods
2.1. Sample preparation
Thylakoid membranes were freshly isolated either from market
spinach (Budapest and ILL measurements) or young pea leaves
grown in-situ (PSI measurements). The typical procedure for isola-
tion of thylakoid membranes is described below and in [14,26], how-
ever details regarding e.g. salt concentration and exact centrifugation
parameters (time and acceleration) varied a little, but this is without
signiﬁcance for the structure. The leaves were kept in the dark on ice
or in the fridge before isolation and all equipment used was kept on
ice. The leaves were homogenized using a blender in a medium con-
taining 0.4 M sorbitol, 5 mM MgCl2, 5 mM KCl and 20 mM tricine, pH
7.6. In order to remove debris, the suspension was ﬁltered through
8 layers of cheesecloth and centrifuged for 2 min at 200×g (spinach)
or 15 s at 3000×g (pea). The supernatant was recovered and centri-
fuged for 3 min at 4500×g. The pellet was carefully resuspended
using a soft brush. To remove the envelope membranes of chloro-
plasts the suspension was then subjected to a brief osmotic shock
by resuspending the pellet in a hypotonic medium containing 5 mM
MgCl2, 5 mM KCl and 20 mM tricine, pH 7.6 and centrifuged again
for 4 min at 5000×g. The resulting pellet was resuspended in a buffer
containing 0.4 M sorbitol, 5 mM MgCl2, 5 mM KCl and 20 mM tricine,
at various D2O to H2O ratios as speciﬁed in the text. The spinach sam-
ples measured in Budapest were suspended in a 100% D2O (pD 8.0)
medium containing deuterated glucose instead of sorbitol, while the
pea samples at the PSI used for illumination studies, were suspended
in a 100% D2O medium (pD 8.0) containing deuterated glucose
(98% 7D-glucose). In addition to the salts and buffer mentionedabove 100 μM PMS (phenazine methosulphate) was added to these
samples. At the ILL the spinach samples were measured in either
pure H2O, 40% D2O/60% H2O or in pure D2O with 20 mM tricine,
10 mM KCl and varying amounts of non-deuterated sorbitol, and
MgCl2. (The SANS protein contrast is zero for 40% D2O). For SANS
measurements, the chlorophyll content of the samples was adjusted
to approx. 1–4 mg/ml, with the actual value determined spectropho-
tometrically [27] and the samples were ﬁlled in 1 mm or 2 mm quartz
cuvettes (Hellma 110-QS). Transmission Electron Microscopy (TEM)
on isolated pea thylakoid membranes, showed the expected structure
with Dgrana=164 Å±25 Å and 8±3 grana thylakoids per stack in a
standard suspension with 0.4 M sorbitol, while suspension in 2.0 M
sorbitol medium resulted in a lower value of Dgrana=159 Å±18 Å,
with 9±5 granum thylakoid membranes per stack (courtesy of Alex-
ander Schulz, Center for Advanced Bioimaging (CAB) Denmark,
University of Copenhagen and Kasper Swiatek, RUC). The samples
were kept at 4 °C in the dark after isolation and resuspension in the
relevant reaction medium and used within at most 8 h. During this
time-period no changes in the SANS peak positions were observed
and similarly no changes were observed in the photosynthetic activ-
ity as measured by chlorophyll-a ﬂuorescence induction using a
PAM 101 chlorophyll ﬂuorometer (WALZ, Effeltrich, Germany).2.2. Small-angle neutron scattering
Small-angle neutron scattering (SANS) experiments were carried
out at the “Yellow Submarine” SANS instrument of the Budapest
Neutron Centre (BNC, Budapest, Hungary), at the SANS-II station of
the Paul Scherrer Institute (PSI, Villach, Switzerland) and at the D22
beamline of the Institut Laue-Langevin (ILL) in Grenoble. All data
shown in this paper are from the PSI and the ILL, however we will
also refer to results and experiences from the BNC. The neutron
beam at all three facilities were monochromatized using a mechanical
velocity selector. The detector of BNC was a 64×64 pixel, BF3 gas
ﬁlled, two dimensional multiwire position sensitive detector with a
pixel size of 1 cm×1 cm. The detector at PSI was a two-dimensional
multiwire position sensitive 3He detector with 128×128 pixels,
each pixel size being 0.5 cm×0.5 cm. Three different instrument
settings were used covering the q-range between 0.0036 Å−1 and
0.25 Å−1: sample-to-detector distances of 1 m and 5 m with a wave-
length of 6.37 Å and collimation distances of 2 m and 6 m, respective-
ly, and a sample-to-detector distance of 6 m with a wavelength
of 10.6 Å and a collimation distance of 4 m. In all cases Δλ/λ~18%,
and 16 mm diameter pinholes in the collimation section and 8 mm
diameter pinhole before the sample were used. Most samples were
only measured at the 6 m/10.6 Å setting since the peak of interest
is in the q-range covered by this setting. At the ILL the detector
was a 128×128 pixel 3He multidetector, with a pixel size of
0.8 cm×0.8 cm. Two different instrument settings were used cover-
ing the q-range between 0.008 and 0.2 Å−1: sample-to-detector dis-
tances of 2.45 m and 8 m with neutron wavelength of 6 Å, Δλ/
λ~10% and collimation distances of 2.8 m and 8 m respectively,
with a 10 mm×6.5 mm slit in front of the sample. The samples
were aligned in a magnetic ﬁeld of ~1 T using an electromagnet in Bu-
dapest and at the ILL, while permanent magnets (~0.4 T) were used at
the PSI. In the absence of an external magnetic ﬁeld, a relatively weak
ring of scattering was observed at the q-value corresponding to the
peak position for the oriented sample — showing that the magnetic
ﬁeld does not affect the repeat distances. The grana membranes' nor-
mals tend to align parallel to the applied ﬁeld [28]. The aligning effect
is caused by an anisotropy in the diamagnetic susceptibility of thyla-
koid constituents, in particular of the light harvesting complexes [29].
Samples were thermostated at 15 °C or 20 °C or measured at room
temperature. Typical measuring times were 30–45 min at the BNC,
15 min at the PSI and 5 min at the ILL.
Fig. 2. SANS curves from isolated spinach thylakoid membranes suspended in a medi-
um containing 10 mM MgCl2, 10 mM KCl, 20 mM tricine (pH 7.6) in 40% D2O and
different amounts of sorbitol: 0, 0.1, 0.4, 1 and 2 M, as indicated.
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The PSI (pea) data were corrected in order to ensure equidistance
of the pixel grid and the data were normalized to the incoming neu-
tron ﬂux. A water sample was used for correction of detector efﬁ-
ciency. Background (scattering from the buffer and the sample
holder) and electronic noise were subtracted taking transmissions
into account. The data were radially averaged around the center of
the direct beam in 75° wide sectors (see Fig. 4). This width was
found to minimize the standard deviation in peak position. The data
analysis was done using the Graphical Reduction and Analysis SANS
Program for Matlab (developed by Charles Dewhurst, ILL). Peak posi-
tions, q*, were found from the radially averaged curves by ﬁtting a
Gaussian to a (asymmetrical) range of points around the peak. The
repeat distance or Bragg spacing, D, of the system was calculated as
2π/q*. The ILL (spinach) data were analyzed in the same manner, ex-
cept that the width of the sectors for averaging was 45°, in accordance
with the aligning ﬁeld being stronger. For the determination of peak
positions, a sum of a Gaussian (Bragg peak) and a power function
(polydispersity) were ﬁtted to the data. If the sample is regarded as
composed of identical unit cells placed on an underlying lattice, i.e.
the grana cylinders and the stroma lamellae are each composed of
ﬂattened vesicles, placed with regular intervals, the scattered intensi-
ty I, as a function of scattering vector q
→
, is given by I q
→
 
∝
F q
→
 

2
⋅S q
→
 
, where the form factor, F q
→
 
, squared is proportional
to the scattering from an individual unit cell, and the structure factor,
S q
→
 
, describes the scattering arising from the periodicity of the un-
derlying lattice on which the unit cells are placed. In the present case,
there is a form factor and a structure factor describing the grana stack
and a different form factor and structure factor for the periodically
spaced (non-apressed) stroma lamellae.
2.4. Illumination
For illumination of pea samples during the measurements at the
PSI, an optical ﬁber was inserted through a ﬂange in the vacuum sam-
ple chamber and connected to a lamp with adjustable spectral and di-
aphragm settings (Schott lamp KL 1500). The intensity of the lamp
was measured using a calibrated LI-190SZ quantum sensor, which
has a linear response in the PAR range (Photosynthetically Active
Radiation range, 400–700 nm). Two illumination schemes with
white light were used: short-cycle illumination and continuous illu-
mination. With short cycles, typically 4 min of light was followed by
4 min of darkness in repeated cycles and data collection took place
during the last 3 min. With the continuous illumination scheme,
light was turned on and data collection started after 1 min in the
light and continued until sufﬁcient statistics was obtained, usually
within 15 min. No signiﬁcant differences were found between the
two protocols, thus most of the illumination data were collected
with continuous illumination.
3. Results
3.1. Dark adapted magnetically aligned thylakoid membranes
The repeat distance average and standard deviation from 12 fresh-
ly prepared, dark adapted pea samples from 5 different isolations, are
345 Å±11 Å, with all values in the range of 320–355 Å. The values
for spinach are somewhat lower, in the range of 285–300 Å, with an
average of 294 Å±7 Å from 4 samples. These values are much too
high to be attributed to Bragg diffraction from Dgrana (cf. data in Intro-
duction). However, as shown in Fig. 1, the stroma lamellae also form a
regular lattice albeit with more disorder than the grana stacks [5,8,9].
With the grana stack normal parallel to the applied ﬁeld, diffraction
from the stroma lamellae is expected to occur at an angle oftypically~10°–22° [5,8] with respect to the vertical qz-axis. However,
on the backside of the grana stack, the stroma lamellae are oriented at
an angle of ~−22°–−10° and, due to disorder inherent in the biolog-
ical system and due to non-perfect alignment, there is a smearing giv-
ing the rather broad diffraction peak observed. No higher order
stroma lamellar peaks are observed. As concerns the (quasi-)helical
structure of the stroma thylakoids around the grana, it would be
expected to give rise to a characteristic helical diffraction pattern
[30] which, however, cannot be discerned. For the non-ideal thyla-
koid structure many factors contribute to smearing of the ideal scat-
tering pattern (stroma lamellae losing imposed helical order further
away from the grana stack, other types of inherent disorder and im-
perfections of the grana stacks; also, contribution of form factor scat-
tering is neglected). The helical structure, and the tilt angle of the
membranes would give rise to only a minor increase in the calculated
repeat distances [31]. Hence, the simple interpretation in terms of a
ﬁrst order Bragg peak from parallel membrane sheets appears to be
satisfactory. Diffraction from the grana stack is expected in the
range of 0.026 Å−1–0.044 Å−1 [11]. We do observe a broad peak at
high q-values, but around 0.075 Å−1, both for pea and for spinach,
but there is no peak in the expected region. The 0.075 Å−1 peak
might be form factor related or alternatively a second order peak
corresponding to the grana stack order (2π /0.075 Å−1=84 Å, i.e. a
grana stack repeat distance of 2∗84 Å=168 Å, which is realistic). If
the 0.075 Å−1 feature is a second order grana peak, the question nat-
urally arises why no ﬁrst order peak is seen, one possible explanation
being that such a peak might coincide with a form factor minimum.
This issue will be discussed in a separate paper (in preparation).
3.2. Variations of the osmotic pressure
Spinach thylakoid membranes suspended in an extreme hypoton-
ic medium (standard medium without sorbitol) can only be aligned
to some extent in a relatively strong magnetic ﬁeld. Inspection of iso-
lated pea thylakoids in a hypotonic medium in the light microscope
shows that the structure is highly swollen with formation of clusters
of vesicles (not shown). The standard suspension mediumwith 0.4 M
osmoticum (in casu sorbitol) is close to the isotonic conditions. We
have measured a series of dark adapted spinach thylakoid mem-
branes suspended in a medium with 10 mM MgCl2, 10 mM KCl,
20 mM tricine in 40% D2O and varying amounts of sorbitol: 0, 0.1,
0.4, 1 and 2 M (Fig. 2). All curves, except for the sample with no sor-
bitol, show a pronounced peak with the peak position and intensity
dependent on the amount of sorbitol in the suspension medium.
The sample without sorbitol shows a shoulder rather than a fully
developed peak. The contrast between the aqueous phase (buffer
solution) and the stroma lamellae decreases with increasing sorbitol
content explaining the decreasing peak intensity. The incoherent
background due to scattering from hydrogen is increasing with
Fig. 3. SANS curves from isolated spinach thylakoid membranes suspended in a medi-
um containing 0.1 M sorbitol, 10 mM KCl and 20 mM tricine (pH 7.6) in 40% D2O and
1 mM resp. 10 mM MgCl2 and in a medium containing 1 M sorbitol, 10 mM KCl and
20 mM tricine in 40% D2O and 1 mM resp. 10 mM MgCl2, as indicated.
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increasing with increasing amount of sorbitol, consistent with the
expected shrinkage of the system with increasing osmotic pressure.
Dstroma for the spinach sample at isotonic conditions is 286 Å±1 Å,
while at hypertonic conditions the system shrinks to 277 Å±1 Å
(1 M sorbitol) and 269 Å±1 Å (2 M sorbitol). At hypotonic condi-
tions the system swells to 297 Å±1 Å (0.1 M sorbitol) and 307 Å±
1 Å (no sorbitol) (the results are compiled in Table 1). The repeat
distances found are independent of the D2O/H2O ratio as conﬁrmed
by control measurements in pure D2O and pure H2O.
3.3. Variations of the concentration of magnesium ions
It is well documented that stacking and unstacking of grana is con-
trolled by the presence of cations [32]. The stromal side of the thyla-
koid vesicles are negatively charged such that there is an electrostatic
repulsion between adjacent membrane surfaces. The negative
charges are mainly due to exposed protein surfaces [33] but the con-
tribution of negatively charged lipids also plays a signiﬁcant role. The
lipid composition in higher plant thylakoid membranes is ~50 mol%
monogalactosyl diacylglycerol, 30 ~mol% digalactosyl diacylglycerol,
~5–12 mol% sulphoquinovosyl diacylglycerol and ~5–12 mol% phos-
phatidyl glycerol [34], where the last two are acidic, i.e. negatively
charged at physiological pH values. In order to keep the tightly
stacked structure of the grana, the Coulomb interaction between
opposing membranes has to be screened by the presence of cations,
typically Mg++. Changes in the grana stacking are expected to inﬂu-
ence also the stroma repeat distance, both because similar inter-
actions, albeit to a lesser extent, are present between stroma
membranes, but also as a result of the grana and stroma lamellae
being physically attached to each other. We have measured SANS
for spinach thylakoids suspended in low osmolarity medium (0.1 M
sorbitol, 20 mM tricine, 10 mM KCl in 40% D2O) with respectively
low concentration of MgCl2 (1 mM) and high concentration of
MgCl2 (10 mM) and similarly for a high osmolarity medium (1 M sor-
bitol, 20 mM tricine, 10 mM KCl in 40% D2O with respectively 1 mM
and 10 mM MgCl2) — see Fig. 3 and Table 1. A clear shift in the peak
position, q*, towards lower values, i.e. loosening of the stacking
(D=2π /q*), for lower amounts of Mg++ is seen. For high osmolarity,
the spinach stroma repeat distance changes from 277 to 317 Å (14%
increase) and for low osmolarity from 297 Å to 332 Å (12% increase)
when the amount of Mg++ is lowered from 10 mM to 1 mM.
3.4. Illumination
Irreversible structural changes were observed to occur when spin-
ach thylakoid membranes suspended in 0.4 M sorbitol, 5 mM MgCl2,Table 1
The effect of varying osmolarity and ionic strength on the stroma lamellar repeat
distance of isolated spinach thylakoid membranes. The data corresponds to the data
in Figs. 2 and 3. All suspending media contain 10 mM KCl and 20 mM Tricine in addi-
tion to Sorbitol and MgCl2 with concentrations as given in the table.
40% D2O Peak position (10−2 Å−1) Repeat distance (Å)
Sorbitol (M)
10 mM MgCl2
10 mM MgCl2
10 mM MgCl2
10 mM MgCl2
10 mM MgCl2
0 2.04±0.01 307±2
0.1 2.12±0.01 297±1
0.4 2.20±0.01 286±1
1 2.27±0.01 277±1
2 2.34±0.01 269±1
MgCl2 (mM)
0.1 M sorbitol
0.1 M sorbitol
1 1.89±0.01 332±1
10 2.12±0.01 297±1
1 M sorbitol
1 M sorbitol
1 1.99±0.01 317±2
10 2.27±0.01 277±15 mM KCl and 20 mM tricine in the absence of electron donors or
acceptors, were pre-illuminated with white light of ~2500 μmol
photons m−2 s−1 for 15 min. During pre-illumination the sample
was thermostated at 15 °C in a water bath. The pre-illuminated mem-
branes show a shift of peak position corresponding to a ~8% increase
in Dstroma in the standard isotonic suspension medium and a ~4%
increase in high osmolarity suspension medium (data not shown).
Freshly isolated pea thylakoid membranes suspended in media
containing PMS, which facilitates photosystem I cyclic electron trans-
port, were illuminated in-situ, during SANS measurements. The light
intensity used was not higher than 2000 μmol photons m−2 s−1
and under these conditions the structural changes observed were
largely reversible. For all illuminated samples a very clear shift in
the peak position towards larger q is observed directly in the 2D
images (Fig. 4). When turning the light off, the position of the
peak returns to smaller q, i.e. a light-induced reversible shrinkage is
observed — as reported by us earlier for stroma lamellae of isolated
spinach thylakoid membranes [25], in contrast to the swelling caused
by irreversible pre-illumination. The light-induced reversible shrink-
age is also clearly seen on the sectorially averaged I(q) curves
(Fig. 4), where it is also evident that illumination causes smearing
of the peak.
An important characteristic feature for these measurements is that
the ﬁrst dark adapted curve is always different in intensity and shape
from the dark adapted curves after the sample has been illuminated.
This is clearly seen in Fig. 5, where the light intensity and the duration
of illumination have been varied. The black curve is the initial dark
adapted sample, which is very different from the other curves
which fall into two groups: illuminated samples and the following
dark adapted states. Fig. 5b shows the repeat distance for the different
cases and it is seen that the system cycles between two states —
an illuminated state with repeat distance around 280 Å (q*=
0.0224 Å−1) and a dark state with repeat distance around 310 Å
(q*=0.0203 Å−1), i.e. illumination causes a shrinkage of ~10%. The
same overall picture emerges from measurements on more than 10
different samples of isolated pea thylakoid membranes from eight
different batches, although not always so clear cut. There is a strong
dependence of the stroma repeat distance on the light intensity
(Fig. 6a — note that each point represents a different sample) in the
illuminated state, the repeat distance decreasing systematically
from 355 Å (q*=0.0177 Å−1) in the dark state to 271 Å (q*=
0.0232 Å−1) in the state illuminated with 1000 μmol photons
m−2 s−1. Fig. 6b shows the difference in repeat distance between
the original dark adapted sample and the ﬁrst illuminated sample in
each case as a function of light intensity and there is a strong increase
in this change from ~20 Å with 50 μmol photons m−2 s−1 to 85 Å
for 1000 μmol photons m−2 s−1. The 2000 μmol photons m−2 s−1
data point is left out from the comparison in Fig. 6b and c due to an
AC D
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Fig. 4. 2D (A–C) and 1D (D) scattering proﬁles of isolated pea thylakoid membranes. (A) Dark adapted sample. (B) Illuminated sample, white light of 1000 μmol photons m−2 s−1
for 15 min. (C) Dark re-adapted sample (after 45 min of illumination) (D) Corresponding radial sector averages of the scattering intensity as a function of q (75° sectors shown on
the 2D images).
B
A
Fig. 5. Effect of illumination and dark re-adaptation on the SANS of isolated pea thyla-
koid membranes. Consecutive light/dark experiments: ﬁrst illumination, 30 min; sub-
sequent illuminations and dark re-adaptations, 10 min each. (A) radially averaged
data; (B) The repeat distance corresponding to the peak position for each curve:
black data points are dark measurements (0 μmol photons m−2 s−1) and red is illumi-
nated using light intensities as indicated.
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case. It is generally observed that there is a difference between the
repeat distance of the initial dark adapted sample and the ﬁrst dark
re-adapted sample. Fig. 6c shows that the difference between these
two values increases with the pre-illumination intensity. Some of
our data indicate that processes with different time scales are at
play, i.e. longer illumination times (>30 min) seem to show indica-
tions of a different behavior. In a sample without PMS added, the
behavior in the ﬁrst 15 min illumination cycle follows the general pat-
tern, but a second illumination with 1000 μmol photons m−2 s−1
does not signiﬁcantly change the scattering pattern in contrast to our
general observations when PMS is added to the suspension medium.
In the presence of 5 mM NH4Cl, an uncoupler, which eliminates the
proton gradient across the thylakoid membrane [35], the peak in the
curves is not as pronounced as for samples without NH4Cl and illumi-
nation does not signiﬁcantly change the scattering curves (data not
shown). While the effect of this uncoupler on the scattering proﬁle
is not understood and requires further investigation, the inhibition
of the light-induced changes is a further clear indication that the
observed structural changes are related to the basic photosynthetic
process. This is in accordance with our data showing a similar effect
when adding the uncoupler nigericin [25] and conﬁrms the role of
the transmembrane proton gradient in driving the reorganization in
the lamellar order of the stroma thylakoid membranes.
4. Discussion
Our interpretation of the SANS curves for pea and spinach thy-
lakoids is based on the observation that the grana stack and the
stroma lamellae each constitute a long-range ordered system
with one-dimensional periodicity along their membrane normals.
The basic units piled on top of each other are bilayer–lumen–
bilayer–interthylakoidal space in the grana and bilayer–lumen–
bilayer–stroma aqueous phase in the case of stroma lamellae.
BC
A
Fig. 6. Variations in the stroma lamellar repeat distance of isolated pea thylakoid mem-
branes as a function of illumination intensity. (A) Dependence of the repeat distance on
the intensity of illumination— each data point were obtained on a different sample. (B)
The light-induced change in the repeat distance relative to the ﬁrst dark adapted state
as a function of the illumination intensity. (C) The difference between the repeat dis-
tances of the initial dark and the ﬁrst dark re-adapted states as a function of the
intensity of the illumination.
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focused exclusively on the grana stack, while based on electron
microscopy data from the literature and from our own samples,
we conclude that the SANS peak at ~0.02 Å−1 originates from
Bragg diffraction from the stroma lamellae. The stroma lamellae
repeat distance for pea, measured in 100% D2O is ~12% larger
than for spinach, measured in 40% D2O, while the variation for a
given species under the same conditions (i.e. the biological vari-
ability from batch to batch) is ~5% with some more extreme
(~10%) cases occasionally occurring. The SANS contrast is different
in suspension media with different D2O content. Control experi-
ments conﬁrm, however, that there is a relatively large difference
between the repeat distances of the two species, independent of
the contrast, i.e. the D2O/H2O ratio in the sample.
There is some discussion in the literature as to the detailed three
dimensional organization of the thylakoid membranes [4–9]. The
helical model for the membrane ultrastructure of granal chloroplastswas ﬁrst formulated by Paolillo in 1970 [36]. In this model, the stroma
lamellae are wound around the central grana stack in a right handed
helix tilted ~20° with respect to the grana stack normal and attached
to the grana through slits placed regularly around the rims of the ﬂat-
tened vesicles constituting the grana stack. The basic features of this
model have been conﬁrmed by recent electron tomography data —
albeit the periodicity of the helical organization and thus also the reg-
ularity of the junctions are far less expressed than expected, and also
the tilt angles appear to vary [3,5,9]. In the alternative model [4], the
pairwise organization model, the stroma membranes are perpendicu-
lar to the granum normal and the stroma membranes bifurcate into
two granum membranes: in each granum ‘vesicle’ unit, part of the
top membrane layer bends upward and fuses with the membrane
layer above it, whereas the bottom membrane bends downward at
the opposite side and fuses with the membrane below thus ensuring
the fully connected topology of the thylakoids. The units of paired
grana are rotated relative to each other around the axis of the granum
cylinder. There is strong evidence in the literature in favor of the
quasi-helical model [3,9], however, our interpretation of the thyla-
koid SANS curves are valid for both models.
Membrane inserted and membrane bound protein complexes
with polypeptides protruding from the thylakoid membrane put a
limit to how close membranes can approach each other, i.e. there is
a lower limit to the width of the lumen resp. the interthylakoidal
space in the grana and to the distance between the stroma lamellae.
Adjacent membranes in the grana contain PSII and LHCII, which are
ﬂat and protrude no more than 10–20 Å beyond the membrane sur-
face in the interthylakoidal space [37]. This allows for a tight packing
of the appressed membranes to be held together by electrostatic and
van der Waals forces [38,39]. In contrast, the distance between the
stroma lamellae must be considerably larger, due to the presence of
PSI and the ATP synthase in these membrane sections, since the ATP
synthase protrudes ~140 Å from the membrane on the stromal side
[40], while PSI protrudes about 50 Å to the same side [37]. Allowing
40 Å for each membrane and 45 Å for the lumen [8], a minimum stro-
ma repeat distance of 265 Å is found, however this distance assumes
ATP synthase to reach fully across the space available, with no pro-
truding unit on the opposite side, so somewhat larger values are not
unrealistic.
Reorganizations in the ultrastructure, induced by physico-chemical
factors, such as the ionic strength and osmolarity of the suspendingme-
dium have been thoroughly documented with the aid of electron
microscopy [41]. SAXS investigations on thylakoid membranes aligned
in a magnetic ﬁeld also demonstrated that magnesium and sucrose or
sorbitol play important roles concerning the structure of the thylakoid
membranes [15,23]. Our data conﬁrm that osmolarity inﬂuences the
ultrastructure— in isotonicmedium the repeat distance for spinach thy-
lakoids was 286 Å, which corresponds to the distance expected based
on electron tomography [8]. Increasing the osmolarity results in shrink-
age of the system as expected — the system shrinks by up to 6% This
value can be compared to our TEM data from which we know that the
pea grana repeat distance shrinks 3% when increasing the sorbitol
concentration from 0.4 M to 2 M. Likewise the stroma repeat distance
increases by 7% with no osmoticum present compared to the control
sample. The shrinkage is expected to take place in the lumen of the
stroma thylakoid membranes (as well as in the lumenal phases of the
grana), while the distance between pairs of stroma lamellae is mainly
dependent on geometry, i.e. if the grana stack shrinks or swells, the
adjoined stroma lamellae are moved, too (cf. Fig. 1). It should be
noted that there is a limit to the shrinkage of the lumenal spaces during
the described process, due to the proteins protruding from the mem-
branes rather far into the lumenal spaces. The structural changes
induced by changing the concentration of osmoticum are reversible as
previously shown on the diatom Phaeodactylum tricornutum [42].
Our data are consistent with the well-known result, that by varying
the amount of Mg++ in the system, the membrane–membrane
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Coulomb screening to take place between the tightly appressed grana
stacks. The adjoined stroma lamellae, however, adjust accordingly as
was the case with the variation of osmolarity. Somewhat surprisingly,
the effect of varying the amount of cations is larger than the effect of
varying the amount of osmoticum, suggesting that grana, and stacking
in particular, can play an important role also in the stroma lamellar
reorganizations. We have tested the reversibility of these data at the
BNC bymeasuring spinach thylakoid membranes in a suspension medi-
um with a Mg++ concentration of 10 mM, afterwards transferring this
sample to a medium with 1 mMMg++ and ﬁnally back to the
10 mMMg++ medium. The data show good reversibility with Dstroma
for the ﬁrst sample being equal to 299 Å (q*=0.021 Å−1), increasing
to 328 Å (q*=0.0192 Å−1) in the low Mg++ concentration sample
and ﬁnally decreasing to 304 Å (q*=0.021 Å−1).
Our observation that the system swells irreversibly when illumi-
nated with high-intensity white light is consistent with a certain
degree of disorganization of the membrane ultrastructure as is ob-
served with light- and X-ray microscopy [14]. Fundamental investi-
gations of light-induced reversible reorganizations in the thylakoid
membrane ultrastructure were carried out by Murakami and Packer
[43]. Using electron microscopy they showed that the grana repeat
distance in spinach thylakoids decreased by 32% (from 212 Å
to 144 Å) when the system was illuminated with red light. The
observed changes were explained in terms of a change in the internal
osmolarity and a change in the membrane thickness following pro-
tonation. In [44] it was suggested that the shrinkage of the system
induced by illumination occurs in the lumenal space because of the
increased concentration of H+, resulting in a reduction of repulsive
forces acting between opposite lumenal sides. In [45], a range of
complex and interconnected mechanisms are described, including
direct protein interactions across the granal lumen, the overall result
being a light-induced maximization of the stroma entropy. All these
mechanisms focus on grana stack shrinkage, but many of the same
mechanisms can occur in the stroma lumen and also, since grana
and stroma are intimately connected, a shrinkage in the grana will
result in a shrinkage in the stroma lamellar repeat distance, too.
We do observe a shrinkage in the stroma repeat distance, up to
23%, depending on light intensity, which is comparable to the effect
reported in [43].
In conclusion, our data show that SANS as a non-invasive tech-
nique is particularly useful for exploring dynamic changes in-situ in
the ultrastructure of thylakoid membranes under different
conditions and during their photosynthetic functions. With the
availability of high-intensity neutron sources allowing studies on
short time-scales SANS can complement electron microscopy tech-
niques and contribute substantially to our knowledge on the struc-
ture and ﬂexibility of the multilamellar thylakoid membrane systems.Acknowledgements
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